The authors have investigated associations between offspring size at birth and parental cardiovascular disease mortality among 12,086 mothers and 6,936 fathers of participants in the British 1958 birth cohort. Birth weight was inversely associated with all-cause mortality and cardiovascular mortality in both mothers and fathers. The adjusted hazard ratio of cardiovascular disease mortality for a 1-standard deviation increase in offspring birth weight in mothers was 0.87 (95% confidence interval (CI): 0.82, 0.93) and in fathers was 0.94 (95% CI: 0.89, 0.99). The association was not specific for cardiovascular disease. In fathers, similar weak associations with violent and accidental deaths, stomach cancer, and alcohol-and smoking-related outcomes were found. Weak associations for these outcomes were also found for mothers, but the magnitude of the association with cardiovascular disease was greater than with any other outcomes. In a meta-analysis pooling results from this study with six others, the adjusted hazard ratio of cardiovascular disease mortality among mothers was 0.75 (95% CI: 0.67, 0.84) and that among fathers was 0.93 (95% CI: 0.91, 0.95), with evidence that the difference in effect between mothers and fathers was not due to chance (p < 0.001). The weak association of offspring birth weight with cardiovascular disease in fathers may be due to residual confounding by factors such as socioeconomic position and smoking that they share with the offspring's mother and that would therefore be associated with low offspring birth weight as well as adverse outcomes in the father. The stronger association in mothers is consistent with intergenerational effects on intrauterine growth and with the fetal origins hypothesis.
Fetal growth (assessed by birth weight or birth weight standardized for gestational age) has been associated with subsequent blood pressure, insulin resistance, and cardiovascular disease in a large number of studies carried out in various contexts (1) (2) (3) (4) . These associations have been interpreted as demonstrating the establishment, during fetal development, of processes with long-term consequences for metabolic and cardiovascular function (5) . Fetal undernutrition is considered to ''program'' future disease risk, with risk particularly increased if there are overnutrition and accelerated growth in the postnatal period. If intrauterine nutrition is an important determinant of later cardiovascular disease risk, this would have important implications for policies aimed at reducing, or preventing an increase in, disease burden. However, it has also been hypothesized that common genetic factors could underlie both restricted fetal growth and later insulin resistance and cardiovascular disease risk, leading to an association that would not be reversible by environmental manipulation to improve fetal nutrition and growth (6) . Distinguishing between these two potential mechanisms underlying the association between fetal growth and later disease is clearly of considerable importance for understanding the etiology and prevention of cardiovascular disease.
One approach to investigating this issue is to examine cardiovascular disease risk in parents in relation to the birth characteristics of their offspring (7, 8) . If the birth weightcardiovascular disease association seen within individuals is due to a genetic mechanism from both maternal and paternal genes, then one would predict that offspring birth weight would be inversely associated with cardiovascular disease in both mothers and fathers. Associations in fathers are of particular importance, since many factors that could influence maternal cardiovascular disease risk (e.g., maternal diet and smoking) could also influence the intrauterine environmentand thus birth weight-of her offspring (9) , whereas an association between offspring birth weight and the biologic father's cardiovascular disease risk is more likely to be explained by genetic factors.
Six previous studies have investigated this association with respect to mothers (10) (11) (12) (13) (14) , with three of these also examining the association with respect to fathers (7, 13, 14) . In these studies, offspring birth weight is inversely associated with both maternal and paternal cardiovascular disease, with some evidence that this association is weaker in fathers compared with mothers. The possibly weaker association in men has been interpreted as suggesting that the association between birth weight and cardiovascular disease is influenced by both (maternal) environmental factors and genetic factors (8) . However, with respect to paternal cardiovascular disease mortality in particular (the crucial test of the hypothesis), data are currently sparse and there are important limitations to the studies examining this association to date. Self-report of offspring birth weight was used in one study and, in others, it was not possible to adjust for gestational age or other potentially important confounding factors (refer to table 4). Further, individually none of these studies had the statistical power to detect an important maternal/paternal difference in the effect of offspring birth weight on cardiovascular disease. We have therefore investigated the associations between offspring birth characteristics and parental mortality in the 1958 British birth cohort and undertaken a systematic review and meta-analysis of all studies to date that have examined the association between offspring birth weight and parental cardiovascular disease.
MATERIALS AND METHODS
All births in England, Wales, and Scotland, during 1 week in March 1958, were included in the Perinatal Mortality Survey (coverage: 98 percent) (15, 16) . When the children born to the cohort were aged 7 years, they were recontacted, and the study continued as the 1958 cohort (also known as the National Child Development Study). Participants in the cohort have been followed up regularly thereafter, and detailed information has been collected on growth, health, social, and behavioral indicators for the cohort members, their parents, and offspring (16, 17) . We have recently described in detail the methods used to trace the biologic parents for all cohort members participating in the first follow-up survey in 1965 (target sample: 15,888 parent pairs) (18, 19) . Parents for English and Welsh cohort members were traced and flagged at the National Health Service Central Register at Southport, and parents of Scottish residents were traced through the equivalent register in Edinburgh. The overall tracing rate for the mothers was 94.9 percent (n ¼ 15,070) and for the fathers was 90.2 percent (n ¼ 14,323) (18) . Ethical approval for the tracing study was obtained from the Local Research Ethics Committee (Great Ormond Street Hospital/Institute of Child Health, London).
Birth data for the cohort members (including birth weight in pounds and ounces, as well as gestational age in days from the first day of the last menstrual period) were collected in 1958 largely by midwives in charge of the deliveries; supplementary information was obtained from obstetric records and interviews with the mother (15) . Information on gestational blood pressure was collected from the obstetrics records, and ''preeclampsia'' was defined as increased blood pressure (diastolic: >90 mmHg) with proteinuria in the absence of urinary tract infection (20) .
We used data on maternal smoking reported in 1958 (none, before pregnancy, up to the fifth month, and after the fifth month). Information on paternal smoking was collected in 1974 (none, 1-10, 11-20, >20 cigarettes per day). Maternal parity (including stillbirths and miscarriages after the 28th week of gestation) was determined up to the birth of the index child in 1958. Prepregnancy weights for the mothers were self-reported, and heights were measured in 1958; heights and weights of fathers were reported in 1969. The body mass index of parents was determined as weight (kg)/ height (m) 2 . Social class in 1958 was based on the father's occupation and grouped according to the Registrar General's Classification (I-II, III nonmanual, III manual, and IV-V). Individuals with no male head of household (i.e., unmarried mothers) were coded as class IV-V because numbers were too small for separate analysis and, with respect to numerous characteristics, they closely resembled class IV-V.
Individuals in the current analysis were restricted to mothers (n ¼ 14,585) and fathers (n ¼ 13,861) with data on offspring birth weight. Final analyses were further restricted to parents with full information on background factors (12,086 mothers and 6,936 fathers). Data for the fathers were more strongly reduced, as the availability of background paternal information was dependent upon participation of their child in the 1969 and 1974 surveys, whereas maternal background information was collected at the cohort's initiation. Mortality rates were slightly lower for those mothers and fathers with full information on background factors (6.2 and 11.0 per 1,000, respectively) compared with those for whom these details were missing (7.9 and 13.0 per 1,000). Individuals with full information were somewhat more likely to be from higher social classes compared with those with missing data (18 percent vs. 12 percent of mothers and 19 percent vs. 17 percent of fathers in class I-II). Birth weight was somewhat higher for offspring of mothers with complete data (3.35 kg vs. 3.29 kg, respectively), but there was no marked difference in offspring birth weight by availability of full information on paternal background factors (3.35 kg vs. 3.34 kg).
Data on the cause of death were coded according to the International Classification of Diseases, Tenth Revision.
The main endpoints used in the study were all-cause mortality (including unknown causes) and mortality from circulatory disease (codes I00-I99X, G45, G46), coronary heart disease (codes I20-I25), and stroke (codes I61-I69, G45, G46; subarachinoid subtype excluded). In addition, we assessed association of offspring birth weight with mortality from respiratory disease (codes J00-J998A), chronic obstructive pulmonary disease (codes J40-J47), cancer (codes C00-C97X), stomach cancer (code C16), lung cancer (code C34), breast cancer (code C50), prostate cancer (code C61), accidents and violence (codes S00-Z999), and suicide (codes X60-X84 and Y10-Y34). We further grouped the causes of mortality by smoking-related (codes C00-C159, C25-C259, C30-C349, C64X-C689) and alcohol-related (C01-C06, C10, C13-C15, C22, C32, F10, K70, K74.6, S1-Y98) causes. Our main hypotheses concerned the association of offspring birth weight with parental cardiovascular disease. Other outcomes were assessed as a test of specificity to determine whether associations with cardiovascular disease might be explained by residual confounding (21) . For example, associations between offspring birth weight and accidents and violence and smoking-or alcohol-related mortality, in addition to an association with cardiovascular disease, would indicate residual confounding by socioeconomic position and smoking as an explanation for the association.
Statistical analysis
The relation between offspring birth weight and parental mortality was evaluated by use of single-and multiple-term Cox proportional hazards models. Calendar time originating from the approximate time of offspring conception (July 5, 1957) was used as the main time scale in all analyses. The follow-up for each parent lasted up to death, emigration (245 fathers and 190 mothers), event cancellation (152 fathers and 260 mothers), or the end date for this study (December 31, 2003) (18, 19) . All models were adjusted for birth year and stratified by offspring sex. Offspring birth weight was categorized to gender-specific fifths. Tests for trend were done with birth weight standardized for gestational age and sex. There was a suggestion of curvature in the association between offspring birth weight and maternal mortality from all causes, circulatory diseases, and cancer. However, for all outcomes, the quadratic term was not significant after adjustment for smoking, social, and anthropometric background factors, and therefore only results for the linear measure are presented.
Systematic review
Papers published prior to September 2005 were identified through a search of MEDLINE (www.ncbi.nlm.nih.gov), ISI Web of Knowledge (http//:wok.mimas.ac.uk), and Google (www.google.com) using the following search terms (indexed and text word searches were used): ''birthweight or birth weight,'' ''fetal growth or foetal growth,'' ''intrauterine growth,'' ''parental mortality,'' ''parental,'' ''cardiovascular disease,'' ''transgenerational or trans-generational,'' and ''intergenerational or inter-generational.'' A cited-reference search of retrieved articles was carried out, and publications were also identified by review of the bibliographies of retrieved articles. Information on characteristics of the study population; outcome, exposure, and covariate assessment; results; and conclusions were abstracted for each paper. Where necessary, additional information was obtained from the authors, and a meta-analysis of all studies examining the association of offspring birth weight with parental cardiovascular disease was conducted (one study in which the outcome was a continuous measure of carotid intimal-medial thickness was not included). We undertook separate random effects meta-analyses (22) for mothers and fathers, including all studies where appropriate, irrespective of whether there were both mothers and fathers included in the individual study. Evidence for heterogeneity between studies in these meta-analyses was assessed by computing a Q statistic y Per 1-standard deviation change in offspring birth weight (for males: standard deviation, 513 g; for females: standard deviation, 501 g). (22) . The effects in mothers and fathers were compared by computing a z test from the standard errors of each pooled effect in the meta-analyses. Tests referred to as ''Egger and Begg tests'' were computed to examine small-study bias (indicative of publication bias) (22) . All analyses were conducted in STATA, version 9, software (23) .
RESULTS
In table 1, we show maternal and paternal characteristics by fifth of the birth weight distribution for their offspring. Mothers who had larger babies were older, had higher body mass index, were taller, were less likely to smoke during pregnancy, and were less likely to suffer from preeclampsia. For fathers, the results were in the same direction, although weaker for body mass index, height, and smoking. For fathers, the proportion who were in manual social classes was lower among those who had higher offspring birth weights.
In table 2, we present maternal and paternal mortality according to offspring birth weight and demonstrate inverse associations for coronary heart disease, stroke, chronic obstructive pulmonary disease, and lung cancer among mothers. Stomach cancer and suicide also showed strong inverse associations for mothers, but with considerable imprecision around the effect estimates. For fathers, the associations were weaker although in the same direction as for mothers, with the exception of accidental and violent deaths, which showed a stronger association in fathers than in mothers.
In table 3, we present results adjusted for age and gender of offspring and then additionally for offspring gestational age, social class of the father, parity of the mother, and preeclampsia during pregnancy. The mother's mortality was additionally adjusted for her height and body mass index in 1958 and smoking during pregnancy. For fathers, we additionally adjusted for height and body mass index in 1969 and smoking habits in 1974. The adjustments attenuated, but did not abolish, the associations of offspring birth weight with maternal mortality from coronary heart disease and stroke. There was considerably greater attenuation of the associations of offspring birth weight and mortality from chronic obstructive pulmonary disease and lung cancer after adjustment. A similar picture was seen for fathers, although there was no evidence of an inverse association with stroke after age adjustment.
The association of offspring birth weight and coronary heart disease mortality among mothers is weaker in this study than in previous ones, and we hypothesized that this could be due to the longer follow-up period in this study. If the higher coronary heart disease mortality of mothers was in part at least due to disturbances evident during pregnancy that would influence both offspring birth weight and * Per 1-standard deviation change in offspring birth weight (for males: standard deviation, 513 g; for females: standard deviation, 501 g). In these simple models, hazard ratios were adjusted for year of birth and stratified by gender of cohort participants.
y All models stratified for cohort member gender and adjusted for birth year, offspring gestational age, social class in 1958, maternal parity, and preeclamptic pregnancy. Models on maternal mortality also adjusted for maternal height and body mass index in 1958, as well as maternal smoking during pregnancy. Models on paternal mortality adjusted further for paternal height and body mass index in 1969, as well as paternal smoking habits in 1974.
subsequent coronary heart disease risk, it would be expected that this would be most evident in the period relatively soon after birth. Our results suggested that this may be the case. Over the first 25 years following the birth of the child whose birth weight is utilized as the exposure measure in this study, each standard deviation higher birth weight was associated with an age-adjusted hazard ratio of 0.65 (95 percent confidence interval (CI): 0.50, 0.85) whereas, in the follow-up period subsequent to this, the hazard ratio was 0.82 (95 percent CI: 0.75, 0.90). A formal test of difference of these hazard ratios gave a p value of 0.13. However, there was no suggestion that the association of birth weight with all circulatory diseases (in the first 25 For the systematic review, we identified six published studies of the association, and these are summarized in table 4. Three of these studies included information on both mothers and fathers, but in one of these three the outcome was carotid intimal-medial thickness, and we were therefore unable to include this in our meta-analysis. We pooled the adjusted hazard ratios of cardiovascular disease mortality risk per standard deviation of birth weight from six studies of mothers (five previously published and the results from the study presented here) and three studies of fathers (two previously published and results from the study presented here). Among mothers, the pooled, adjusted (for the factors listed in table 4) hazard ratio of cardiovascular disease mortality for a 1-standard deviation increase in birth weight was 0.75 (95 percent CI: 0.67, 0.84) and, among fathers, the equivalent association was 0.93 (95 percent CI: 0.91, 0.95), with statistical evidence of a difference between these two effects (p < 0.001). In the meta-analysis of associations with cardiovascular disease mortality among mothers, there was strong statistical evidence of heterogeneity (p < 0.001) that was largely due to a weaker effect in mothers in the study presented here compared with previously published studies. With this study removed, there was no evidence of heterogeneity in the pooled estimate for mothers (p ¼ 0.4), and the association of offspring birth weight with cardiovascular disease mortality was slightly strengthened compared with that with this study included (hazard ratio ¼ 0.72 vs. 0.75). There were no evidence of heterogeneity among the three studies of fathers (p ¼ 0.9) and no strong statistical evidence of small-study bias (indicating publication bias) in either meta-analysis (p ¼ 0.6 for the Egger test and 0.4 for the Beggs test in a meta-analysis of association in mothers; p ¼ 0.3 for the Egger test and 0.1 for the Beggs test in that of association in fathers). When we restricted the metaanalyses only to those three studies that had assessed associations in both mothers and fathers, the pooled effect in mothers remained stronger than that in fathers: hazard ratio ¼ 0.75 (95 percent CI: 0.67, 0.84) versus hazard ratio ¼ 0.93 (95 percent CI: 0.91, 0.95; p ¼ 0.001 for difference).
DISCUSSION
In this study, we found an inverse association between offspring birth weight and cardiovascular disease mortality in mothers and fathers that persisted after adjustment for potential confounding factors and was somewhat weaker for fathers compared with mothers. These findings are consistent with those from two previous studies that have examined this association in both mothers and fathers (7, 14) .
The association between offspring birth weight and maternal cardiovascular disease may reflect maternal/fetal nutritional factors and intrauterine programming, as women who themselves had poor fetal growth and low birth weight tend to have offspring who are small for their gestational age (24, 25) . This effect may be mediated via maternal pelvic restriction, poor placental growth, and hence a programming effect of intrauterine nutrition (26) or via shared environmental exposures, for example, cigarette smoking, across generations. The spousal correlation for birth weights is remarkably low (r ¼ 0.02) (27) so that, despite the possibility of assortative mating by factors that reflect each parent's birth weight, it is unlikely that any observed increased risk for fathers reflects paternal low birth weight.
In addition to genetic factors, shared environmental and behavioral risk factors between fathers and mothers are a plausible reason for fathers showing an increased cardiovascular disease risk if their offspring birth weight is low. For example, mothers who smoke are more likely to have children with men who smoke. Maternal smoking will be associated with lower offspring birth weight, and a greater likelihood that the father will smoke if the mother does will result in his increased risk of cardiovascular disease. Similarly, low family socioeconomic position could link low offspring birth weight and increased cardiovascular disease risk in both mothers and fathers. Some support that parental shared socioeconomic and behavioral risk factors explain the offspring birth weight-cardiovascular disease risk in fathers comes from the nonspecific nature of the weak associations in fathers, with inverse associations between birth weight and other smoking-related outcomes (smoking-related cancers and respiratory disease) and with outcomes that are known to be associated with low socioeconomic position (stomach cancer and accidents and violence) of a similar magnitude to those for cardiovascular disease in this cohort. Similar nonspecificity of the association was also found in a large record linkage study of Swedish women and men (14) . Thus, the weak association between offspring birth weight and paternal cardiovascular disease that remains in adjusted analyses may reflect residual confounding due to measurement error in the assessment of smoking and the fact that we have taken account of socioeconomic position at only one life stage and using only one domain (occupational social class), which may be insufficient to fully capture the effect of socioeconomic position on both offspring birth weight and parental cardiovascular disease risk.
There is a stronger association between offspring birth weight and maternal cardiovascular disease risk compared with that with paternal risk. Possible explanations include paternal misclassification (as some fathers in these studies For coronary heart disease mortality or admission: hazard ratio ¼ 1.9 (95% confidence interval: 1.5, 2.4)
will not be the biologic parent, and this would be expected to dilute the paternal association); direct effects of maternal health-related behaviors, such as smoking, heavy alcohol consumption, and poor diet, on both offspring birth weight and maternal mortality risk; poor maternal nutrition in her childhood, resulting in her own reduced vitality and therefore increased cardiovascular disease risk and low offspring birth weight (resulting in stronger associations in mothers due to both maternal-specific environmental as well as possible genetic factors and environmental factors that are shared among mothers, fathers, and their offspring); and maternal imprinting (i.e., the phenotype resulting from a particular gene locus is differentially modified by the sex of the parent contributing that particular allele) or other epigenetic effects (i.e., a change in the outcome of a gene that is controlled by nongenetic factors so that the phenotype resulting from a particular gene is modified by environmental exposures) (28) . It is also possible that some of the maternal effect reflects reduced offspring birth weight due to healthcompromising factors (including illness itself) during pregnancy, which is in turn associated with increased maternal mortality risk. In this case, the expectation would be that the elevated mortality risk would be greater for periods closer in time to pregnancy and, as with other cases of health-related selection, this effect would reduce over time. For coronary heart disease mortality, we found weak evidence in support of this, and this could also explain the rather weaker associations found in our study than in other studies of this issue, since our study had considerably longer follow-up than did previous studies. This issue should be investigated in other studies with long-term follow-up.
Study strengths and limitations
The results from this large cohort study add to the scant evidence examining the association of offspring birth weight with paternal cardiovascular disease risk. We have examined other disease outcomes as a test of specificity, and this provides some evidence that residual confounding by smoking and socioeconomic position may explain the remaining weak inverse association between offspring birth weight and father's cardiovascular disease risk. Our meta-analysis provided sufficient power to determine whether there was statistical evidence of a difference in effect between fathers and mothers.
In the 1958 birth cohort, we were able to include fathers in the adjusted analysis only if their child survived and participated in the 1969 and 1974 surveys, whereas similar restrictions were not applied to the mothers. When we repeated our analyses including only those mothers whose children participated in these surveys, the results did not differ substantively from those presented here. We had greater difficulty tracing fathers of cohort participants than mothers (18) . However, the validity of the trace has been demonstrated by the strong association between smoking and lung cancer (observed for both fathers and mothers) (19) . Further, the effect estimate found for fathers in this study is very similar to that found in a very large study from Sweden, in which linkage of family members was uncomplicated and had a very high level of accuracy. 
Conclusion
Taking the results of our cohort study and the meta-analysis together, we have found evidence for an inverse association of offspring birth weight with cardiovascular disease mortality in both mothers and fathers. The effect in fathers is weak and may be explained by residual confounding due to shared socioeconomic position and smoking habits between mothers and fathers that will affect intrauterine growth and both parents' risk of cardiovascular disease. The stronger effect in mothers suggests specific maternal factors (over and above the mechanisms-shared environmental factors between mothers and fathers or a possible genetic mechanismthat could explain the association in both parents) and is consistent with a fetal programming hypothesis. Thus, while this work is unable to provide a definitive answer on the mechanism explaining the association between birth weight and cardiovascular disease, of the two proposed hypotheses it provides more support for the importance of fetal programming than of direct genetic mechanisms.
